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An understanding of the transient regulation of endothelial phenotype during adaptation to changes in mural shear will advance our understanding of endothelial biology and may yield new insights into the mechanism of atherogenesis. In this study, we characterized the adaptive response of arterial endothelial cells to an acute increase in shear stress magnitude in well-defined in vitro settings. Porcine endothelial cells were preconditioned by a basal level shear stress of 15 Ϯ 15 dyn/cm 2 at 1 Hz for 24 h, after which an acute increase in shear stress to 30 Ϯ 15 dyn/cm 2 was applied. Endothelial permeability nearly doubled after 40-min exposure to the elevated shear stress and then decreased gradually. Transcriptomics studies using microarray techniques identified 86 genes that were sensitive to the elevated shear. The acute increase in shear stress promoted the expression of a group of anti-inflammatory and antioxidative genes. The adaptive response of the global gene expression profile is triphasic, consisting of an induction period, an early adaptive response (ca. 45 min) and a late remodeling response. Our results suggest that endothelial cells exhibit a specific phenotype during the adaptive response to changes in shear stress; this phenotype is different than that of fully adapted endothelial cells. permeability; gene expression; microarray ATHEROSCLEROSIS ARISES FROM endothelial cell dysfunction. Endothelial dysfunction features increased permeability, enhanced expression of adhesion molecules and leukocyte adhesion, enhanced cell turnover, increased oxidant stress, and reduced endothelium-dependent vasodilation (51) . Increased endothelial permeability leads to the accumulation of LDL in the intima, which is a key step in atherosclerotic development. The inflammatory response of endothelial cells results in the recruitment of monocytes, which migrate into the intima and differentiate into macrophages, which engulf oxidized LDL and form foam cells. The accumulation of foam cells in the intima leads to the formation of atherosclerotic plaques. Therefore, endothelial permeability and inflammatory status greatly affect arterial atherosusceptibility.
Endothelial cells in the vasculature are constantly exposed to shear stress. Shear-dependent permeability to macromolecules has been examined both in vitro and in vivo. The application of shear stress to static cultured cells increased endothelial permeability to albumin (32) and dextran (50) . However, these increases may have been caused by the transient response of endothelial cells to the onset of shear, since other in vitro studies (10, 33) suggest that decreased permeability is associated with higher shear stress after a relatively long-term exposure. Himburg et al. (28) demonstrated that the in vivo endothelial permeability to albumin decreases with increasing timeaverage shear stress in porcine iliac arteries. Several other shear stress parameters, such as spatial gradients (5, 36) , have also been correlated with in vivo permeability.
Endothelial transcriptional activities are also regulated by shear stress. Although the mechanism of endothelial mechanotransduction is not fully understood, a large number of signaling cascades have been found to be induced by shear stress (8, 9, 12, 13, 23, 58) . As a result, a significant number of downstream genes are regulated by shear stress, including endothelial nitric oxide synthase (eNOS; Refs. 12, 14, 20) , MCP1 (29, 30) , Kruppel-like factor 2 (KLF2; Refs. 14, 15), MnSOD (48), NADPH oxidase (30, 56) , and endothelin-1 (40, 63) . Endothelial transcriptional regulation is sensitive to many parameters of the shear stress profile, including magnitude (26) , frequency (27) , temporal (2) and spatial (34) gradient, and the presence of flow reversal (27) . Generally, prolonged unidirectional shear stress is believed to be atheroprotective since it increases endothelial anti-inflammatory and antioxidative activity.
Endothelial cells in vivo are believed to adapt to the local shear stress, at least in regions with unidirectional flow (23) , to assume a quiescent phenotype. However, the local shear stress profiles are not invariant over time and they are altered occasionally by changes in global hemodynamic variables, such as heart rate, flow rate, and flow partition at branches. These changes are caused by a number of normal physiologic events, such as exercise, smoking, sleep, stress, and digestion. The duration of these changes ranges from minutes to hours. During these periods, endothelial cells may undergo transient phenotypic transformation and possibly engage in early remodeling events, as they adapt to the altered shear stress. It is reasonable to expect that the dynamic adaptive endothelial response to changes in shear may be different from the dependence of endothelial permeability and transcription seen in in vitro or ex vivo preparations exposed to long-term unchanging shear levels. It is also possible that the atherosusceptibility of the arterial wall is enhanced during these transients (21) .
In an effort to understand the dynamics of the adaptation of endothelial permeability, several animal studies have been previously conducted in our laboratory (22, 25) , where shear stress levels in porcine iliac arteries were altered by opening and closing downstream arteriovenous femoral shunts. Endothelial permeability to albumin was found to increase transiently in response to an acute increase in shear stress. To better understand this, we sought to characterize the adaptive response of arterial endothelial cells to an acute increase in shear stress in well-defined in vitro settings in this study. Cultured endothelial cells were preconditioned by a basal level shear of 15 Ϯ 15 dyn/cm 2 at 1 Hz (sinusoidal waveform) for 24 h, and shear stress was then increased to 30 Ϯ 15 dyn/cm 2 . The basal shear stress exhibited the same mean and maximum values as the basal shear stress in the porcine iliac arteries (28) . The elevated shear stress also corresponds to the animal studies, where the mean shear stress was raised to twice the basal level by opening the shunt. The basal mean shear stress is also physiologically relevant in humans and is considered to be a healthy and atheroprotective shear stress profile (8, 23) . During the 6-h period after shear step-up, endothelial permeability and gene expression were measured at multiple time points. Our results demonstrate that endothelial cells exhibit a specific phenotype during the adaptive response and that the transient phenotype is different from that of fully adapted endothelial cells.
MATERIALS AND METHODS
Cell culture. Aortic endothelial cells were harvested from recently euthanized healthy female pigs weighing about 60 kg; procedures preceding and including euthanasia were carried out under a Duke Institutional Animal Care and Use Committe-approved protocol. Cells were cultured with Medium 199 (GIBCO), supplemented with 10% FBS (GIBCO) and antibiotic/antimycotic (Sigma-Aldrich). Cells between passage 2 and 5 were seeded at a density of around 10 5 cell/cm 2 on collagen-coated (Sigma-Aldrich; 10 g/cm 2 ) glass slides or Transwell polyester membrane with a 0.4-m pore size (Corning). When cells were tightly confluent, the media were changed to a low serum formulation (2%) in preparation for flow perfusion.
Permeability measurement. The flow circuit was similar to that in earlier work (27) and is shown in Supplemental Fig. S1 (Supplemental Data; Supplemental Material for this article is available online at the Am J Physiol Heart Circ Physiol website). The steady mean flow was provided by a peristaltic roller pump. To superimpose the pulsatile flow, a computer-controlled stepping motor was used to drive a bellows pump. A flow-separation device used an enclosed volume of air to transmit the pressure pulse generated by the bellows pump to the flow circuit, thus minimizing the perfusion volume. The flow system was optimized to generate the desired shear stress profiles with Ͻ20 ml media. The volumetric flow rate was monitored using ultrasonic flow probes (Transonic Systems). The flow circuit was placed in a cell culture incubator at 37°C and 5% CO 2. A laminar flow chamber apparatus (Supplemental Fig. S2 ) was designed to measure the permeability of endothelial cells cultured on a Transwell filter. The filter was glued over a 20-mm diameter opening on an acrylic slide (1/8-inch thick) using medical grade silicone adhesive (Dow Corning). A 1-mm diameter hole was drilled through the side of the chamber to allow a silica optical fiber access to the opening under the filter. The luminal chamber was connected to the flow circuit to apply shear stress to the endothelial cells, while the abluminal one was an enclosed media reservoir with the optical fiber access and ports for media flushing. To eliminate possible convective flux induced by the pressure difference across the cell monolayer, the abluminal chamber was kept closed so that the pressure in the abluminal chamber was the same as that in the luminal chamber.
A fluorescence detection system was designed to measure the concentration of FITC-BSA in the abluminal chamber in real-time (described in detail in Supplemental Data). Briefly, excitation light from a green light-emitting diode was filtered and transmitted through the optical fiber to the abluminal chamber and the emitted light passed through the same fiber to an ultrasensitive photodiode. A LabView (National Instruments) program was used for real-time light-emitting diode control and data acquisition.
Endothelial cells cultured on the filter were preconditioned by basal level shear stress for 24 h. The preconditioning time was determined by a pilot study, in which the endothelial permeability was measured after 18 and 24 h of basal level shear stress. No difference in permeability was found (data not shown). This is consistent with a previous study (47) , where endothelial permeability reached a stable level after 12-h exposure to shear stress. Around 20 min before shear step-up, FITC-BSA was added to the perfusion media at a final concentration of 1 mg/ml. The fluorescence detection system was turned on to measure the tracer concentration in the abluminal chamber. The permeability of the preconditioned endothelial cells was obtained from the average rate of change in abluminal concentration, S p, found from a linear fit to the concentration profile over 5 min (7, 16) . After the permeability of the preconditioned endothelial cells was obtained, a step-up change of shear stress to 30 Ϯ 15 dyn/cm 2 was applied. Endothelial permeability was then measured at multiple time points until 6 h had elapsed. At each time point, the average rate of change in concentration, S, was calculated as above during a time period of 5 min centered on the measurement time point. The endothelial permeability at each time point was normalized by the pre-step-up value, S p.
After each flow experiment, endothelial monolayer was fixed using Diff-Quick for 5 min (2 mg/l Fast Green in methanol; VWR) and then crystal violet for 3 min (0.5% crystal violet in 20% methanol; VWR). Monolayer integrity was confirmed under a microscope (Nikon). Data were obtained only from the fully confluent endothelial monolayers.
Microarray study. In the microarray studies, polytetrafluoroethylene manifolds were added to the flow circuit to distribute the flow evenly to eight identical laminar flow chambers installed in parallel (Fig. Supplemental S3) . Pinch valves were used to fine tune the flow rate for each chamber; the flow rates were monitored using Transonic flow probes. This approach minimized experimental variability since all cells were from the same batch, had the same passage number, and were sheared by the same perfusion media. It also facilitated cell sampling, since individual chambers could be detached separately from the flow circuit. The laminar flow chamber was designed as described by Himburg et al. (27) .
The preconditioning basal shear stress was applied to cells in the eight chambers simultaneously. After 24 h, one randomly selected flow chamber was quickly detached from the flow circuit, and a tubing segment with matching hydraulic resistance was placed in the circuit to maintain the flow rates in the remaining flow chambers. The integrity of the endothelial monolayer was confirmed under a microscope, and endothelial RNA was then isolated. After the preconditioned control sample was obtained, the mean shear stress was doubled. At each designated time point (5, 15, 45, 90, 180 , and 360 min after step-up), one randomly selected chamber was detached from the flow circuit and immediately disassembled for RNA isolation. RNA isolation and amplification were performed as described previously (62) . Each sample and a standard reference, derived from static cultured endothelial cells, were hybridized to custom printed Sus Scrofa DNA microarrays (Operon Biotechnologies) by the Duke Microarray Facility. Four experiments were performed.
A control set of experiments was performed to determine whether the statically cultured endothelial cells adapted sufficiently to the basal level shear stress during the preconditioning time of 24 h. Endothelial cells were exposed to the basal level shear stress for 24 and 30 h. Control samples were kept under static conditions for 24 h. For the two preconditioning times (24 and 30 h), the expression value of each gene under shear stress was normalized by the corresponding static control.
Microarray data analysis. The arrays were scanned using GenePix (Molecular Devices), and the digitized data were imported into Genespring (Agilent). Quality filtering and normalization were performed using Genespring. For each gene, the expression levels at all time points after step-up were log 2-normalized to the expression value of the preconditioned control sample. Significance analysis of microarrays (57; Stanford) was used to identify the differentially expressed genes at each time point relative to the preconditioned controls. GeneGo (GeneGo bioinformatics software) was used to perform gene ontology and pathway analysis. Microarray data are available at NCBI Gene Expression Omnibus (GSE26505).
Real-time quantitative-PCR. Real-time quantitative-PCR was performed as described by Zhang et al. (62) . GAPDH was used as the housekeeping gene. Primers used had previously been designed and tested for efficiency (27, 34, 35, 62) . Supplemental Table S1 lists all the primers used in this study. The 2
Ϫ⌬⌬CT method was used to quantify expression levels of the target genes relative to the standard control sample.
RESULTS
Alterations in endothelial permeability in response to elevated shear stress. Figure 1 plots the normalized endothelial permeability at each time point during the adaptive response to increased shear stress. The permeability values between 40 -105 and 270 -330 min after the step-up were significantly increased relative to the pre-step-up value (P Ͻ 0.05, twotailed one sample t-test), demonstrating a dynamic response of endothelial permeability to changes in shear stress. Endothelial permeability increased within the first few minutes in response to the acute increase in shear stress magnitude. It peaked at 40 min, exhibiting a 1.9-fold increase compared with the preconditioned value. Cell layer permeability then decreased slowly from 40 to 150 min. After 150 min, it stabilized at an elevated value, ϳ1.3 times the preconditioned value.
Endothelial transcriptional profile after long-term exposure to basal level shear stress. In the control set of experiments, endothelial cells were exposed to basal level shear stress for 24 and 30 h. When the false discovery rates (FDR) were controlled at 5% in significance analysis of microarrays, 17.1 and 18.7% of the genes on the array were significantly differentially expressed after shear exposure for 24 and 30 h compared with static controls, respectively. The lists of genes identified at 24 and 30 h overlapped considerably ( Fig. 2A) . This result demonstrated that most of the genes regulated by shear stress were consistently regulated after 24-and 30-h exposure. All 1,838 genes in Fig. 2A are regarded as shear sensitive genes in the following discussion. Only two genes, FLJ25476 and an unknown gene, were identified as differentially expressed between 24 and 30 h, even when the FDR was relaxed to 20%. Figure 2B shows the overall comparison between the expression profiles at 24 and 30 h. All genes are tightly distributed around the 45°line, indicating that these two expression profiles were highly similar. Therefore, we conclude that the gene expression of cultured endothelial cells is stable after exposure to the basal shear stress for 24 h and hence that 24 h is an appropriate preconditioning time for the subsequent microarray study.
Differentially expressed genes in response to an acute elevation in shear stress. The number of genes that were differentially expressed at each time point after the step-up, relative to their expression in preconditioned cells, is given in Table 1 . A limited number of genes were called at earlier time points, and more genes were identified after 90 min. At FDRϽ10%, 86 genes were sensitive to the step-up at some time point. The size of this gene list is small compared with the control study, where 1,838 genes were found to differ between static cultured and preconditioned endothelial cells. Only 40 of the 86 genes were also called in the control set of experiments. The list of genes identified at each time point is presented in Supplemental Table S2 . Several known atherosclerosis-relevant genes are on the list. Among these genes, KLF2, KLF4, heme oxygenase-1 (HMOX1), and GADD45␤ were upregulated, and BMP4, IL-1␣, and IL-8 were downregulated. The vasomotion related genes eNOS and Ca 2ϩ -dependent K ϩ channel 4 (KCNN4) were also upregulated. Several cytoskeletal, junctional, and cell adhesion genes, such as actin, MHY9, PCDH7, and COL4A1, were upregulated by the acute increase in shear stress, suggesting a cell remodeling process. The temporal expression profiles of these genes are shown in Fig. 3 .
In addition to the significantly differentially expressed genes, we also examined an a priori selected set of genes that are known to participate in atherogenesis and respond to shear stress. The expression values of these genes are presented in Supplemental Table S3 . Overall, the elevated shear stress had a predominantly anti-inflammatory and antioxidative atheroprotective effect on the endothelial cells.
Our microarray study revealed a much more limited response to an increase in shear in preconditioned cells than in static cells (86 vs. 1,838 genes). More importantly, 46 of the 86 genes in preconditioned cells that were responsive to the elevation in shear were not identified in the control set of experiments, suggesting that different shear sensing mechanisms may be operative in preconditioned cells, which are more representative of the in vivo state. Furthermore, for almost half of the genes that were identified in both control and step-up experiments, the responses to the preconditioning and elevated shear are opposite in direction [e.g., inhibitors of DNA binding 2 and 3 (ID2 and ID3) in Fig. 3 ]. Thus our results suggest that static and preconditioned cells respond differently to an imposed increase in shear stress.
The expression values of IL-1␣, eNOS, and KLF2 at each time point were validated using real-time quantitative PCR as shown in Supplemental Fig. S4 .
Temporal response of global gene expression to an acute elevation in shear stress. To understand how the endothelial transcriptome was dynamically controlled in response to the elevation of shear stress magnitude, the expression of all genes on the array was examined. A statistical summary and histogram of the transcriptional profile at each time point are presented in Fig. 4A , where the means and variance of the expression values (relative to the preconditioned cells) of all genes were calculated for each time point. The variance at 45 min is much larger than that at other time points, suggesting that the endothelial transcriptome was undergoing considerable change in response to the elevated shear stress. This inference was further confirmed by the scatter plots in Supplemental Fig.  S5 , which shows that the transcriptional profile at 45 min is substantially different from that at any other time point.
To further understand this result, all genes were clustered in Fig. 4B . The hierarchical tree suggests that the 5-and 15-min time points have similar transcriptional profiles, and so do the time points at 90 and 180 min. The 45-min time point is at the root of the hierarchical tree, indicating a distinct global transcriptional profile. Principal component analysis was applied to the six time points (Fig. 4C) and confirmed this finding. The expression profiles at the six time points are projected onto the plane of principal components (PC) 1 and 2 and the plane of PC1 and PC3. The first three principal components account for 80% of the total variability. As shown in Fig. 4C , the 45-min time point is far from all other time points in PC space. Furthermore, the path of the projected points over time shows that from 5 to 45 min, the PC1 values increase; however, after 45 min, the values of PC1 decrease over time. This suggests that the 45-min time point is not only different with respect to gene expression but may also be a critical turning point.
We next sought to understand how these expression histories affect endothelial cellular function by performing gene ontology and pathway analysis using GeneGo. The GeneGo results are presented in Supplemental Fig. S6 . Pathway analysis demonstrated that the overall activity of the top 10 identified pathways was greatest at 45 min and that the activity of cytoskeletal remodeling pathways was greatest at 180 min. Although further research is warranted, our results suggest that the adaptive response of global gene expression to an acute increase in shear stress magnitude is triphasic, consisting of an induction period, an early adaptive response (ca. 45 min), and a late remodeling response.
DISCUSSION
In this study, we demonstrated that a step increase in shear stress immediately increases endothelial permeability to BSA; the permeability nearly doubled after 40-min exposure to the elevated shear. This observation supports our hypothesis that an acute increase in endothelial permeability can occur when endothelial cells adapt to a new hemodynamic environment, owing in part to cytoskeletal reorganization and junctional remodeling. Endothelial permeability declined after 40 min; however, it remained above the baseline (preconditioned) level until the experiment concluded 6 h after the shear stress step-up. Although it is not clear from this study whether endothelial permeability would have eventually decreased to the preconditioned level, it is reasonable to believe so since several in vitro studies have associated lower permeability with higher shear stress magnitude following a relatively long-term shear exposure (10, 33, 61) . Thus the increased permeability observed in our study is more likely a transient alteration of endothelial phenotype resulting from the shear increase per se. A recently published study supports this notion. Warboys et al. (61) demonstrated that an acute exposure (1 h) to shear stress significantly increased porcine endothelial permeability to albumin in vitro (relative to static cultured cells), while a chronic exposure (7-9 days) decreased the permeability.
Friedman et al. (22) and Hazel et al. (25) investigated the adaptive response of endothelial permeability to shear stress alteration in vivo. An ad hoc mathematical model of adaptation 5 min  0  2  0  2  15 min  3  0  3  0  45 min  2  0  9  0  90 min  13  0  19  0  180 min  16  6  20  7  360 min  16  5  48  6 FDR, false discovery rates. was developed to fit the experimental data (22, 25) . In applying the model, the effect of long-term shear levels in the physiological range on in vivo permeability was assumed to be minor. The mathematical model predicted a rapid increase in endothelial permeability following a step increase in shear stress and a permeability peak at 7 min. The permeability then approached the initial value asymptotically with a time constant of 45 min. Compared with our in vitro result, the calculated in vivo endothelial permeability peaks much earlier (7 min in vivo vs. 40 min in vitro) and decreases much faster. The differences are not too surprising since in vitro measurements of endothelial permeability often differ substantially from in vivo measurements (46) . Perhaps equally important, the instantaneous endothelial permeability was measured directly in our study, while the in vivo values were obtained from a mathematical model where numerous assumptions were made. Nevertheless, our in vitro study and the previous in vivo study consistently confirm the transient increase in endothelial permeability in response to an acute increase in shear stress magnitude. It is important to point out that the detailed mechanisms of the induced increase and subsequent decrease in permeability remain unknown. Further studies are necessary to find out whether the increase is due to endothelial cytoskeletal reorganization and junctional remodeling, as hypothesized in our study or is regulated by other mechanisms, such as shear stimulated generation of reactive oxygen species.
Our microarray study provides the first detailed temporal map of endothelial transcriptional activity during the adaptive response to altered shear stress. We have identified 86 genes that are sensitive to an elevation in shear stress.
The quantity of IL-1␣ mRNA was sharply reduced within the first 5 min after exposure to increased shear stress; after which transcription recovered but never reached the preconditioned levels. IL-1␣ can induce the expression of endothelialleukocyte adhesion molecules, such as E-selection and VCAM-1 (44) . Evidently, the inhibition of endothelial-leukocyte adhesion through shear-dependent IL-1␣ suppression has both a transient and long-term component.
After 90 min, ID1, ID2, and ID3 were significantly upregulated. ID family genes regulate cell cycle and cell fate, and they play essential roles in angiogenesis (3, 24, 39) . Specifically, it has been demonstrated that ID1 can increase the proliferation activity of endothelial cells (45, 52) and also preserve endothelial cell commitment in stem cell derived endothelial cells (31) . Furthermore, Ling et. al. (38) suggested that ID1 is one of the upstream regulators of the master mediator of inflammatory response NF-B. ID1 can activate the NF-B signaling pathway to promote cell survival against apoptosis induced by TNF␣. ID2 was also found to be able to promote endothelial cell growth and migration (3, 11) . Most recently, ID3 has been shown to be an important atheroprotective factor, and loss of ID3 was linked to increased intima-media thickness (17) . Thus ID1, ID2, and ID3 may be important mediators of any pathobiological effects that might accompany endothelial adaptation to altered shear stress.
KLF2 and KLF4 were up-regulated at 90 min and later time points. KLF2 and KLF4 are well-known shear stress sensitive genes (14, 15) and important regulators of endothelial activation in response to proinflammatory stimuli (53) . Overexpression of KLF2 in endothelial cells induces eNOS expression and increases eNOS activity. KLF2 can inhibit the induction of VCAM-1 and E-selectin in response to proinflammatory cytokines (53) . KLF2 also helps the cell to maintain its antithrombotic function by regulating key factors including thrombomodulin, tissue factor, and plasminogen activator inhibitor-1 (37). Gene KCNN4, encoding the intermediate-conductance calcium-activated potassium channel, was upregulated at 180 and 360 min. KCNN4 is a critical mediator of endothelial hyperpolarization and endothelium-derived hyperpolarizing factor (EDHF)-mediated dilation (6, 19) . Specifically, upregulation of KCNN4 can increase endothelial and smooth muscle cell hyperpolarization and EDHF signaling in response to dilation cues such as increased shear stress (1, 4, 59) . One study (42) demonstrated that KCNN4-mediated EDHF signaling is a dominant contributor to flow-induced coronary arteriolar vasodilatation in patients with cardiovascular disease. Thus two important vascular dilation mediators, KCNN4 and eNOS, were both upregulated by the prolonged exposure to elevated shear stress. In response to increased blood flow in vivo, endothelial cells employ NO-and EDHF-mediated pathways to dilate the blood vessels, thus reducing the shear stress. However, in our in vitro setting, endothelial cells were unable to regulate the ambient shear stress, and they attempted to adapt to the altered hemodynamic environment by continuing to produce flow-induced dilation mediators.
HMOX1, an enzyme induced in response to oxidative stress, was also upregulated at 180 and 360 min. HMOX1 has been recently recognized as an important antioxidative, cytoprotective, and anti-inflammatory gene (43, 60) . Free heme catalyzes the production of reactive oxygen species, leading to endothelial dysfunction. Thus HMOX1, which converts heme to carbon monoxide and biliverdin/bilirubin, is protective against the development of atherosclerosis and has been proposed as a novel therapeutic target (18, 49) . Overexpression of HMOX1 in endothelial cells also inhibits the expression of the inflammatory adhesion molecules E-selectin and VCAM-1 by inhibiting the activation of NF-B (54) . Thus the upregulation of HMOX1 during endothelial adaptation can be a critical atheroprotective process that reduces the oxidative and inflammatory levels in these endothelial cells.
Chemokine (C-X-C motif) receptor 4, CXCR4, was downregulated at both 180 and 360 min. CXCR4, a receptor for stromal-cell derived factor-1, mediates angiogenic sprouting in response to hypoxia (55) in endothelial cells. A low expression level of CXCR4 inhibits endothelial apoptosis, and overexpression of CXCR4 induces the transcription of cytokines MCP-1 and IL-8. The levels of CXCR4 expression in endothelial cells from atherosclerotic lesions were greater than that in cells from healthy arteries (41) .
Overall, our data suggest that the transient expression accompanying an acute elevation of shear stress is predominantly anti-inflammatory and atheroprotective; at the same time, the cell layer becomes more leaky to blood-borne macromolecules. With respect to atherogenesis, the extent to which the former transient effect offsets the latter is unknown. Therefore, it is not clear from this study how the elevated shear stress during daily exercise will affect overall arterial atherosusceptibility.
One of the most interesting findings in this study is that static cultured cells and preconditioned cells respond differently to the same level of increase in shear stress (0 to 15 dyn/cm 2 for static cells and 15 to 30 dyn/cm 2 for preconditioned cells). Approximately 2,000 genes were identified as differentially expressed by initially static cells in response to the preconditioning shear stress. However, only 86 genes were sensitive to the further increase in shear stress applied in the step-up experiment. Of the 86 identified genes, only 40 were sensitive to the application of the preconditioning shear stress to static cultured cells. The expression values of these 40 genes during the adaptive response are shown in Fig. 5 . The genes are ranked by their expression values after 24 h exposure to the preconditioning shear stress, relative to their expression in static cultured cells. The top-ranked genes were upregulated greatly when the static cultured cells were exposed to the preconditioning shear stress, and the genes at the bottom were downregulated significantly. As shown in Fig. 5 , the expression levels of some genes, such as KLF2 and KCNN4, were consistently upregulated (or downregulated) by the preconditioning shear stress and by the elevation in shear stress. However, for other genes, such as ID2 and AREG, the preconditioning shear stress and the shear stress increase had the opposite effects on expression. Thus one cannot predict from the transcriptional response of static cultured cells how a particular gene will be regulated during the adaptive response to a changed shear stress. The expression of the a priori selected atherogenesis-relevant genes (Supplemental Table S3 ) further confirmed this. Although most of these well-studied genes responded to the application of the preconditioning shear Fig. 5 . Heat map of the expression values of the genes that were sensitive to both the preconditioning and elevated shear stress. Each row is the time course of the expression of a single gene during the adaptive response. Expression values are normalized to the preconditioned value. Genes are ranked based on their responses to the preconditioning shear stress, i.e., the top-ranked genes were upregulated (relative to the static cultured cells) by the preconditioning shear, and the genes at the bottom were downregulated. stress to static cells, only a few were responsive to the further increases in shear stress applied in our study. For some of these genes, the responses to the preconditioning and elevated shear stresses are opposite in direction. Since the preconditioned endothelial cells are more representative of in vivo cells than static cultured cells, the genes and their regulation patterns identified in our step-up studies certainly merit more study.
Certain genes were seen to respond to a step increase in shear stress only transiently. Such genes would not be detected in conventional shear stress experiments, in which gene expression is measured only after enough time has presumably elapsed (ca. 24 h) for the cells to exhibit a steady-state response. The transiently regulated genes identified in our study may be important in vivo regulators of vascular response to the local hemodynamic environment, since changes in this environment occur frequently, eliciting extended periods of adaptation during the lifetime of the cell.
